Background: Hepsin, (also called TMPRSS1) and TMPRSS3 are type II transmembrane serine proteases (TTSPs) that are involved in cancer progression. TTSPs can remodel extracellular matrix (ECM) and, when dysregulated, promote tumor progression and metastasis by inducing defects in basement membrane and ECM molecules. This study investigated whether the gene and protein expression levels of these TTSPs were associated with breast cancer characteristics or survival.
Background
Globally, breast cancer is the most commonly diagnosed cancer in women, while metastatic disease is the leading cause of cancer-related deaths in this group [1] . Epithelial integrity and intact extracellular matrix (ECM), which includes basement membrane and interstitial connectivity tissue, are essential for normal cell behavior and tissue homeostasis [2] . Remodeling and degradation of the ECM, along with defects in structural cell-adhesion molecules, play a significant role in breast cancer progression [3] . Type II transmembrane serine proteases (TTSPs) are a relatively new subfamily of S1 class serine proteases in humans comprised of 17 proteolytic enzymes [4, 5] . In addition to their roles in normal tissue development and homeostasis, TTSPs are also involved in several human diseases, including cancer, and many show potential as biomarkers of tumor progression and represent prospective therapeutic targets [6, 7] . TTSPs localize to the cell membrane and are able to degrade the ECM and remodel intercellular and cell-ECM junctions. Accordingly, dysregulation of TTSPs is thought to be involved in the early stages of tumorigenesis, tumor growth, and cancer cell invasiveness that lead to metastasis [8, 9] . In this study, we looked at the expression of two members of the TTSP family, hepsin (also called TMPRSS1), which is encoded by the TMPRSS1 gene, and TMPRSS3, encoded by the TMPRSS3 gene.
Hepsin upregulation in malignant tumors has been demonstrated in prostate and ovarian cancers as well as in renal cell carcinoma [10] [11] [12] [13] . A recent study used immunohistochemistry to show that hepsin protein levels were upregulated in human breast cancer tumor samples [14] . TMPRSS1 mRNA overexpression is associated with ER(α)-positive human breast tumors [15] , while TMPRSS3 overexpression has been implicated in pancreatic and epithelial ovarian cancers [16, 17] . Missense mutations in the TMPRSS3 gene that lead to structural TMPRSS3 defects are associated with hereditary deafness [18] . Both hepsin and TMPRSS3 belong to the hepsin/TMPRSS subfamily of TTSPs and share structural features [5, 6] . TTSPs are anchored to the cell membrane via an N-terminal transmembrane domain. At the C-terminus, TTSPs have an extracellular serine protease domain that is required for their catalytic activity [4, 7] . Notably, several soluble forms of TTSPs that retain catalytic activity have also been detected [4, 9] . Hepsin and TMPRSS3 appear to be capable of autocatalytic activation, suggesting that they play roles as initiators of proteolytic cascades that lead to ECM remodeling [19, 20] . Overexpressed hepsin activates proteolytic pathways and also directly interferes with cell-cell and cell-ECM adhesion molecules. Hepsin can activate hepatocyte growth factor (HGF) and urokinase-type plasminogen activator-(uPA) mediated proteolytic pathways, which results in ECM degradation [21] [22] [23] . Hepsin plays a physiological role as it directly and specifically cleaves laminin-332 (ln-332, previously termed laminin-5), an important ECM protein involved in maintaining the structural integrity of the basement membrane [24] . It was shown recently that hepsin becomes mislocalized when liver kinase B1 (lkb1) expression is lost and that overexpressed hepsin induces basement membrane degradation in breast cancer [25] . This is the first study to examine TMPRSS3 gene expression in a set of clinical breast cancer samples and to investigate whether altered TMPRSS1 and TMPRSS3 gene expression has an impact on the clinical outcome of breast cancer patients. Here, we analyzed the associations of mRNA and protein expression of these genes with clinicopathological parameters and breast cancerspecific survival. Recently, we reported that TMPRSS3 SNP rs3814903 associated with both breast cancer risk and survival and SNP rs11203200 associated with breast cancer survival [26] . Furthermore, TMPRSS1 SNPs rs12151195 and rs12461158 remained independent prognostic factors of breast cancer survival [26] . Our previous study showed that another member of the TTSP family, matriptase (encoded by the ST14 gene), is associated with breast cancer survival [27] . We also showed that several TMPRSS6 (encoding matriptase-2) variants are related to breast cancer prognosis and matriptase-2 expression levels decrease with tumor progression [28] . These previous findings prompted us to investigate whether altered expression of hepsin and TMPRSS3 might also have a role in the molecular pathology of breast cancer. Although the physiological substrates for TMPRSS3 remain unclear, it is possible that the biological mechanisms that lead to ECM degradation are similar to those of hepsin. When overexpressed in breast cancer, hepsin and TMPRSS3 could promote cancer cell invasiveness via dysregulated proteolytic activity. This results in defects in the basement membrane and in uncontrolled ECM degradation. However, the expression levels seem to decrease as tumor malignancy increases, and low expression levels of these proteins are associated with poor breast cancer survival as well as with the adjuvant treatments the patients received.
Methods

Patients
The patient samples used in this study were obtained from the Kuopio Breast Cancer Project (KBCP) sample set, which includes 497 potential breast cancer cases from the Northern Savo region of Eastern Finland. The patients were diagnosed at Kuopio University Hospital between April 1990 and December 1995 [27, 29] . All the patients are of Caucasian race. The KBCP, including this study, was approved by the official Research Ethics Committee of Hospital District of Northern Savo. Informed written consents were obtained from all of the patients and this study was carried out in compliance with the Declaration of Helsinki. Patient follow-up status was last revised in February 2011. Table 1 shows the clinicopathological characteristics of the breast tumor cases in this study as well as data on the adjuvant treatments the patients received.
RNA extraction and cDNA synthesis
Human breast tumor tissue sample retrieval during surgery, RNA extraction from the tumor samples and cDNA synthesis were performed as described in Kauppinen et al. [27] . The mirVana™ miRNA Isolation Kit (Life Technologies, Carlsbad, CA) was used to extract total RNA from frozen tissue samples, and the High Capacity cDNA Reverse Transcription Kit (Life Technologies) for cDNA synthesis. RNA extraction and cDNA synthesis were performed according to the manufacturer's instructions. The sample diameter of the tissue core in the array block was 1000 μm and three samples from tumor tissue of each case were studied. After deparaffinization and rehydration, the sections for TMPRSS3 analysis were heated in a microwave oven for 3 × 5 min in citrate buffer (pH 6.0). The sections for hepsin analysis were not heated. The slides were treated for 5 min with 5 % hydrogen Three slides from each TMA block were examined in triplicate by two researchers (BB, HA) under the supervision of a senior pathologist (YS). The immunoreactivity of hepsin and TMPRSS3 in the cytoplasm of epithelial tumor cells was analyzed, and the intensity and the extent of staining were scored (0, negative; 1, weak; 2, moderate; 3, intense; Fig. 1a-d ). The three slides were evaluated separately by researchers and were re-evaluated when values were inconsistent to achieve a consensus. The tumor samples were divided into low and high expression groups according to the median value of immunohistochemical staining scores.
Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics 19 software (IBM Corporation, Armonk, NY). The non-parametric Mann-Whitney U test and the KruskalWallis test were used to study differences in continuous mRNA expression values according to different clinicopathological parameters. Fisher's exact test was used to study associations between protein expression and clinicopathological parameters. The odds ratios (ORs) and the 95 % confidence intervals (95 % CIs) were determined using logistic regression analysis to describe the strength of statistically significant associations between expression levels and clinicopathological characteristics. The Kaplan-Meier method was used in univariate survival analyses. Multivariate Cox's proportional hazards analysis was carried out in a forward stepwise method to estimate the hazard factors having an impact on breast cancer-specific death and relapse. In addition to mRNA and protein expressions, Cox regression analysis examined the following clinicopathological parameters: tumor grade, nodal status, tumor size, estrogen receptor (ER) status, progesterone receptor (PR) status, and tumor histologic type. In addition, the adjuvant treatments were used as variables in the analyses including the treatment data. All statistical tests were two-sided, and a P value of 0.05 was considered statistically significant.
We used an online Kaplan-Meier survival analysis tool to validate the value of TMPRSS1 and TMPRSS3 as prognostic biomarkers in breast cancer (http://kmplot.com/ analysis/index.php?p=service&cancer=breast) [31] . The Kaplan-Meier plotter uses gene expression data and relapse-free and overall survival information which are downloaded from GEO (Affymetrix microarrays only), EGA and TCGA. The patient samples are divided into two groups according to the median gene expression value similar to our analysis method. The groups are then compared by Kaplan-Meier plot and the hazard ratio with 95 % confidence intervals and log rank P values are calculated [31] .
Results
Low mRNA expression and low protein expression are associated with advanced breast cancer tumor malignancy
The results of quantitative real-time PCR and immunohistochemical staining were analyzed for associations with the clinicopathological parameters of each patient. Table 2 presents the statistical association results for TMPRSS1 and TMPRSS3 mRNA expression, and Additional file 1: Table S1 presents the statistical association results for hepsin and TMPRSS3 protein expression. TMPRSS1 and TMPRSS3 mRNA expression was high in welldifferentiated malignant breast tumors compared to benign breast tumors (Table 2 ; Additional file 2: Figure  S1A -B). However, poorly differentiated tumors expressed low mRNA levels of both genes (TMPRSS1: P = 0.000015
and TMPRSS3: P = 0.0002; Kruskal-Wallis test; Table 2 ; Additional file 2: Figure S1A -B). Likewise, logistic regression analysis showed that low hepsin expression levels were associated with poorly differentiated tumors (P = 0.00009; OR, 3.289; 95 % CI, 1.811-5.973; Additional file 1: Table S1 ), as were low levels of TMPRSS3 protein expression (P = 0.0000002; OR, 5.006; 95 % CI, 2.721-9.209; Additional file 1: Table S1 ).
The results in Table 2 and Additional file 1: Table S1 show that mRNA and protein expression levels were high in well-differentiated tumors and low in poorly differentiated tumors. Furthermore, logistic regression analysis showed that low hepsin and TMPRSS3 protein expression levels were positively associated with advanced clinical stages III and IV (hepsin: P = 0.005; OR, 2.757; 95 % CI, 1.354-5.611 and TMPRSS3: P = 0.028; OR, 2.176; 95 % CI, 1.086-4.361) and that low hepsin expression was positively associated with larger tumor sizes (T3 and T4; P = 0.034; OR, 2.266; 95 % CI, 1.065-4.82), which indicates more extensive disease. The Mann-Whitney U test showed that low TMPRSS1 and TMPRSS3 expression levels were associated with ER-negative status, PR-negative status, and HER2-positive status (Table 2 ). In addition, low TMPRSS1 mRNA expression was associated with triple- Table S1 ).
Low mRNA and protein expression levels predict poor breast cancer survival
Statistical analysis of 20-year follow-up data revealed that the mRNA and protein expression levels of the studied genes had prognostic value for the breast cancer patients in this study. The univariate Kaplan-Meier analysis showed that low mRNA expression of TMPRSS1 (log rank, P = 0.042; Fig. 2a ) and TMPRSS3 (log rank, P = 0.015; Fig. 2b ) predicted poorer breast cancerspecific survival compared to high expression, as did low expression of the TMPRSS3 protein (log rank, P = 0.028; Fig. 2d ) during the 20-year follow-up period. Similarly, low protein expression of hepsin (log rank, P = 0.035, Fig. 2c ) predicted poorer breast cancer-specific survival during the 10-year follow-up period, yet was not significant during the 20-year follow-up period (P = 0.315, Fig. 2c ).
In the multivariate Cox regression survival analysis, low mRNA expression of TMPRSS1 (P = 0.023; HR, 2.065; 95 % CI, 1.106-3.856; Table 3 ; Fig. 3a ) and TMPRSS3 (P = 0.013; HR, 2.106; 95 % CI, 1.167-3.800; Table 3 ; Fig. 3b ) remained independent factors for predicting poor breast cancer survival. The clinicopathological parameters that remained independent prognostic factors of poor survival included positive nodal status and large tumor size (T3, T4) when TMPRSS1 expression was studied in the multivariate survival analysis. In the multivariate survival analysis of TMPRSS3 expression, ER-negative status and lobular histology were independent prognostic factors in addition to positive nodal status and large tumor size. Positive nodal status and large tumor size were statistically more significant than low mRNA expression levels in Associations between relapse-free survival during the 20-year follow-up period and expression levels were studied using univariate Kaplan-Meier analysis. Patients with low levels of TMPRSS3 mRNA and low levels of TMPRSS3 protein had more frequent relapses (TMPRSS3: log rank, P = 0.009; Additional file 3: Figure S2A and TMPRSS3: log rank, P = 0.003; Additional file 3: Figure  S2B ). In the Cox regression multivariate analysis, both low TMPRSS3 mRNA expression and low TMPRSS3 protein expression remained independent factors that had an effect on relapse occurrence (Additional file 3: Figure  S2C-D) . When studied separately, the association of local recurrence with expression levels was not as strong as the association of distant recurrence with expression levels (data not shown). During 20-year follow-up period, distant metastasis occurred more frequently in patients with low TMPRSS1 expression levels (Additional file 4: Figure S3A ), low TMPRSS3 expression levels (Additional file 4: Figure  S3B ), and low TMPRSS3 protein expression levels (Additional file 4: Figure S3C ).
Low TMPRSS1 mRNA expression is associated with poor survival in patients treated with radiotherapy Associations between the studied expression levels and breast cancer-specific and overall survival according to the adjuvant therapies given to the patients were analyzed using univariate Kaplan-Meier analysis and multivariate Cox regression survival analysis. Low TMPRSS1 mRNA expression was associated with both poor breast cancer-specific survival (log rank, P = 0.030; Cox regression analysis, P = 0.034; HR, 2.344; 95 % CI, 1.065-5.160; Fig. 4a ) and poor overall survival (log rank, P = 0.006; Cox regression analysis, P = 0.007; HR, 2.392; 95 % CI, 1.276-4.484; Fig. 4b ) in patients who were treated with radiotherapy. There were no significant survival differences according to the TMPRSS1 mRNA level in patients who did not receive radiotherapy. Furthermore, the Kaplan-Meier estimates of patients who received chemotherapy showed that low TMPRSS1 mRNA expression was associated with poor breast cancer-specific survival (log rank, P = 0.028) and poor overall survival (log rank, P = 0.028).
When the treatment data was included in the survival analyses, low TMPRSS3 mRNA expression was associated with poor breast cancer-specific survival (log rank, The 'combined low group' included all cases with low expression levels of both genes P = 0.039) in all the treated patients and remained an independent factor predicting more frequent relapse occurrence (log rank, P = 0.023; Cox regression analysis, P = 0.021; HR, 1.831; 95 % CI, 1.094-3.063). Low TMPRSS3 protein expression also predicted poorer relapse-free survival (log rank, P = 0.011; Cox regression, P = 0.031; HR, 1.520; 95 % CI, 1.040-2.221) compared with high TMPRSS3 expression. No significant results were found between different treatment groups regarding TMPRSS3 expression.
The combination of low TMPRSS1-TMPRSS3 mRNA and hepsin-TMPRSS3 protein expression predicts poor breast cancer survival
The statistical associations between mRNA and protein expression levels were assessed using Spearman rank correlation coefficient. TMPRSS1 expression levels correlated with hepsin protein expression levels (r = 0.18; P = 0.05; n = 112), and TMPRSS3 expression levels correlated with TMPRSS3 protein expression levels (r = 0.24; P = 0.04; n = 147). Positive correlations were also found between TMPRSS1 and TMPRSS3 mRNA expression (r = 0.39; P = 0.000007; n = 123) and between hepsin and TMPRSS3 protein expression (r = 0.27; P = 0.0000001; n = 371). Consequently, combined TMPRSS1 and TMPRSS3 mRNA expression and combined hepsin and TMPRSS3 protein expression were tested for statistical association with clinicopathological parameters and breast cancerspecific survival. The combination variables were formed so that the breast cancer cases that expressed low mRNA levels of both of the studied genes formed the 'low combined mRNA expression group' and the remaining cases . Cox regression analysis of survival according to the expression of (a), TMPRSS1 mRNA (median follow-up time 9.79 years); b, TMPRSS3 mRNA (median follow-up time 9.51 years); c, TMPRSS1 and TMPRSS3 mRNA (median follow-up time 9.79 years); and d, hepsin and TMPRSS3 protein expression (median follow-up time 11.05 years). In addition to expression levels, tumor grade, nodal status, tumor size, hormone receptor status, and histologic type were included in the multivariate analyses. Positive nodal status and large tumor size (T3, T4) were other parameters that were significantly associated with poorer breast cancer survival in the multivariate analyses formed the other (reference) group. A similar approach was used to forming a 'low protein expression' group. Breast cancer cases with low combined expression were associated with clinicopathological parameters that indicate advanced tumor malignancy (Additional file 5: Table S2 ). Univariate Kaplan-Meier survival analyses showed that low levels of both mRNA (log rank, P = 0.013; Additional file 6: Figure S4A ) and protein expression (log rank, P = 0.001; Additional file 6: Figure S4B ) indicated poorer breast cancer prognosis, with low expression levels associated with poor breast cancer survival and distant recurrence during the 20-year follow-up period (Additional file 6: Figure S4C-D) . Both low mRNA (P = 0.005; HR, 2.482; 95 % CI, 1.312-4.698; Table 3 ; Fig. 3c ) and low protein expression (P = 0.043; HR, 1.541; 95 % CI, 1.013-2.342; Table 3 ; Fig. 3d ) remained independent factors for survival in the multivariate Cox regression analysis, as did positive nodal status and large tumor size (data not shown). Taken together, these results indicate that the protein expression levels of hepsin and TMPRSS3 correlate with the mRNA levels of TMPRSS1 and TMPRSS3, respectively. Further, low expression levels of TMPRSS1 and TMPRSS3 mRNA and hepsin and TMPRSS3 predict advanced tumor malignancy and poorer prognosis.
The prognostic value of low TMPRSS1 and TMPRSS3 mRNA expression levels in breast cancer was validated in a public gene expression dataset
The results obtained from the online Kaplan-Meier plotter analysis tool presented that both low TMPRSS1 and TMPRSS3 expression were significantly associated with poorer relapse-free survival (TMPRSS1: log rank, P = 0; HR, 0.61; 95 % CI, 0.55-0.69; n = 3554; Additional file 7: Figure S5A and TMPRSS3: log rank, P = 3.8e-10; HR, 0.66; 95 % CI, 0.58-0.73; n = 3554; Additional file 7: Figure  S5B ), overall survival (TMPRSS1: log rank, P = 0.0083; HR, 0.73; 95 % CI, 0.57-0.92; n = 1117; Additional file 7: Figure  S5C and TMPRSS3: log rank, P = 0.00005; HR, 0.58; 95 % CI, 0.46-0.74; n = 1117; Additional file 7: Figure S5D ), and distant metastasis-free survival in breast cancer (TMPRSS1: log rank, P = 0.000099; HR, 0.67; 95 % CI, 0.55-0.82; n = 1609; Additional file 7: Figure S5E and TMPRSS3: log rank, P = 0.0000039; HR, 0.62; 95 % CI, 0.51-0.76; n = 1609; Additional file 7: Figure S5F ).
Discussion
This is the first study to link altered TMPRSS3 expression to breast cancer tumor progression and to show that low TMPRSS1 and TMPRSS3 expression, both at the mRNA and protein levels, has prognostic value for poorer survival of breast cancer patients. Importantly, this is also the first cancer study to show that altered TMPRSS3 expression has prognostic value for cancerrelated death. In benign breast tumor cells, the expression levels of TMPRSS1 and TMPRSS3 are consistently low, whereas the expression levels are higher in cancer cells. In malignant samples, there was clearly a high degree of intertumor variation in the expression levels of the studied genes. However, our results indicated that despite overexpression in well-differentiated tumors, the expression levels decreased as the tumors acquired more malignant characteristics. Poorly differentiated tumors expressed lower levels of both TMPRSS1 and TMPRSS3. Notably, both mRNA and protein expression levels were associated with the clinical characteristics of breast cancer: Low expression levels predicted poorer survival and increased risk of distant metastasis compared to high Cox regression analysis of a, breast cancer-specific survival and b, overall survival according to the TMPRSS1 mRNA expression in patients treated with radiotherapy. Adjustments were made for age, stage, grade, histologic type, hormone receptor status, hormonal treatment, and chemotherapy expression levels. Low TMPRSS1 and TMPRSS3 expression remained independent factors affecting breast cancerspecific survival in the Cox regression analysis.
These results are consistent with previous studies that reported TMPRSS1 overexpression in various cancers, especially in prostate cancer [10] [11] [12] [13] [14] , as well as TMPRSS3 overexpression in pancreatic and ovarian cancers [16, 17] . We found a notable difference in TMPRSS1 and TMPRSS3 mRNA expression between benign samples and grade I malignant tumors in that grade I breast cancer samples expressed considerably higher levels of TMPRSS1 and TMPRSS3 than benign samples. This finding supports the theory that hepsin is related to prostate cancer and suggests that hepsin and TMPRSS3 may also play important roles in the early phases of breast carcinogenesis [32, 33] . Our hepsin and TMPRSS3 immunohistochemical staining results correlated with the mRNA expression results. Specifically, samples with more intense cytoplasmic staining were associated with lower tumor grade and stage, and samples with low expression levels were linked to grade III and stage III and IV tumors. Low mRNA expression levels were common in tumors that did not express hormone receptors but that were HER2-positive. In addition, hepsin expression was low in samples with positive nodal status. In the current study, many of the clinical variables that are generally related to advanced breast tumor progression and higher breast cancer mortality rate were linked with low expression levels of the studied genes [34, 35] .
Our survival results indicated that low expression of both of the studied genes was an independent prognostic factor in breast cancer. Along with positive nodal status and large tumor size (T3, T4), low mRNA expression remained an independent factor for breast cancer survival. Similarly to our results, Dhanasekaran et al. showed previously that low hepsin protein expression in human prostate cancer samples correlated with poor prostate cancer prognosis [36] . In their study, absent or low hepsin immunostaining was dominant in benign samples, whereas hepsin staining was strong in cancer samples. The strongest hepsin staining was in the precursor lesions of prostate cancer (HG-PIN). Yet among cancer samples, absent or low hepsin expression was associated with prostatespecific antigen (PSA) elevation after radical prostatectomy and large tumor size, indicating poorer survival. In contrast, regarding tumor malignancy, high TMPRSS1 mRNA expression correlated with advanced tumor stages in prostate cancer [37] . Roemer et al. showed that in renal cell carcinoma, decreased TMPRSS1 mRNA expression was an independent factor that predicted poorer renal cell carcinoma-specific survival [38] . They suggested that hepsin may be involved in both the early and late development of renal cell carcinoma. However, Betsunoh et al. have observed that hepsin overexpression is associated with poorer renal cell carcinoma survival [39] . In human hepatocellular carcinoma, Chen et al. found that decreased TMPRSS1 mRNA expression predicted shorter survival time [40] . These studies illustrate variations among the different studies; even so, many of these studies are in agreement with our findings.
In this study we have shown that altered TMPRSS1 and TMPRSS3 expressions are associated with the occurrence of relapses and that low TMPRSS3 mRNA and protein expression are independent factors affecting distant metastasis occurrence. Aberrant expression of TTSPs is associated with tumor invasion and metastasis in various epithelial cancers [6, 41] . Supporting our results, Vasioukhin hypothesized that hepsin may promote metastasis in prostate cancer [32] . This hypothesis suggested that in the initial stages of metastasis, hepsin overexpression might stimulate the invasion of primary tumor cells but, once the cells metastasized, hepsin expression would no longer be essential in distant lesions. We found that distant metastases occurred more frequently during follow-up, in patients with low expression levels of the studied genes in primary tumors. This finding supports the theory that distant metastases are more likely to occur once a certain stage in tumor development is reached, and expression of proteolytic serine proteases is needed from primary tumors to achieve that stage. When local breast cancer relapses and distant metastasis were studied together, low TMPRSS3 mRNA and protein expression remained independent factors that affected relapse in the Cox regression analyses. On the other hand, based on prostate cancer cell line studies, Srikantan et al. suggested that hepsin overexpression could have antitumorigenic effects and hinted that hepsin might be involved in some sort of positive feedback response [42] . They suggested that decreased hepsin expression could be linked with poor prostate cancer prognosis as exogenously provided hepsin negatively regulated the growth of metastatic prostate cancer cells. However, the first hepsin expression study in MDA-MB-231 and HER18 breast cancer cell lines showed that low hepsin expression levels reduced cell viability and the colony formation rate [14] . Wittig-Blaich et al. showed in a prostate cancer cell line study that the consequences of increased hepsin expression at the cellular level depend on the cell's microenvironment, and the authors suggested that hepsin overexpression must be spatially and temporally restricted for the efficient development of tumors and metastases [43] . Taken together, these findings support the theory that, depending on the phase of tumorigenesis and metastasis, hepsin expression might either promote or suppress tumors and metastasis.
Based on their proteolytic activity at the cell surface, TTSPs could contribute to tumor progression by affecting initiation of the metastatic process in primary breast cancer tumors. Several substrates for hepsin have been linked to epithelial carcinogenesis, including HGF and uPA. Hepsin and another TTSP, matriptase, efficiently convert inactive pro-HGF to biologically active HGF that, in turn, activates the HGF receptor c-Met [21, 22] . This leads to basement membrane disorganization. Abnormal activation of the HGF/c-Met signaling pathway by aberrant hepsin overexpression is a possible mechanism for the enhancement of tumor progression. In addition, hepsin converts potently pro-uPA into active uPA, which initiates the degradation of ECM by cleaving plasminogen into plasmin [23] . Hepsin may also directly contribute to tumor progression and metastasis by causing defects in cell junctions. Miao et al. showed in human and mouse ovarian cancer cell line studies that hepsin overexpression contributes to ovarian cancer progression via cell membrane interactions with desmosomes [44] . By immunofluorescence they showed that, in addition to cytoplasm hepsin colocalizes with desmosomes at the cell junctions; further, intact desmosomes are required for the membrane localization of hepsin. Supporting these findings, Partanen et al. recently reported that hepsin partially co-localizes with the desmosomal junction protein desmoplakin and, in breast cancer, the two proteins no longer co-localize when lkb1 expression is lost [25] . Notably, loss of lkb1 causes hepsin to relocalize from desmosomes to cytoplasm. Taken together, these studies indicate that the mislocalization and overexpression of hepsin could potentially initiate basement membrane degradation and lead to tumor cell invasion.
The limitations of our study include that TMPRSS3 expression in cancer has not nearly been studied as extensively as the expression of TMPRSS1. More work needs to be done to study the biological role of TMPRSS3 in cancer. Nonetheless, our study presents in a coherent clinical breast cancer sample set that TMPRSS3 is a credible prognostic biomarker. In contrast to our results, a previous study presented that hepsin overexpression was associated with positive nodal status and tumor stage in breast cancer [14] . However, no survival analyses were done in that study and the analysis methods were different. In addition, to validate our results and the prognostic value of the studied genes in a large clinical breast cancer microarray database, we used an online Kaplan-Meier survival analysis tool [31] . Similar to our study, in these analyses the cohorts were divided into two groups according to the median expression of TMPRSS1 and TMPRSS3. Based on the survival curves displayed and the logrank P values both low TMPRSS1 and TMPRSS3 expression significantly associated with poorer relapse-free survival, overall survival, and distant metastasis-free survival [31] . To sum up, the survival trend was exactly alike compared to our results.
When the treatment data was included in the multivariate survival analyses, low TMPRSS1 mRNA expression remained an independent factor of poor prognosis in patients who were treated with radiotherapy. It must be highlighted that low TMPRSS1 expression remained the only significant variable regarding prognosis which excludes for example poor differentiation level of breast cancer cells in these analyses. Furthermore, no significant results were found in patients who were not given any adjuvant therapies. When TMPRSS1 expression level is higher and epithelial integrity is still rather intact it might be that radiation induced cellular lethality is much more aggressive in breast cancer cells. However, when TMPRSS1 expression is low and epithelial integrity already damaged it appears that the remaining breast cancer cells are radioresistant leading to these cells surviving which has negative impact on the clinical outcome. Our results indicate that low TMPRSS1 expression may independently reduce the therapeutic function of radiation yet the specific cellular mechanisms remain unclear. Interestingly, Nakamura et al. showed in an endometrial cancer cell line study that hepsin overexpression resulted in significant cell accumulation at the G2/M phase leading to cell cycle arrest [45] . Cancer cells in general are thought to be the most radiotherapy sensitive exactly at the G2/M phase [46] . These previous studies comply our results even though our significant results are related to mRNA expression and in breast cancer tumor samples. In a previous study of our group we found several TMPRSS1 and TMPRSS3 SNP genotypes that associated with survival in patients treated with radiotherapy [26] . We have planned to study in the future the potential associations between our current results with the ones from our SNP study.
The combinations of low expression levels of mRNA and protein were independent factors that predicted poor survival. This suggests that TTSPs are prognostic biomarkers for breast cancer. Matriptase (encoded by the ST14 gene) is a TTSP that, similar to hepsin, can activate pro-HGF. A recent study showed that hepsin and matriptase are direct pericellular activators of pro-HGF and hypothesized that their suggested ability to autoactivate might be the initial step in HGF/c-Met-mediated basement membrane degradation [47] . Our previous study of matriptase expression in breast cancer resulted in conclusions that were similar to those in the present study in that low matriptase expression was associated with poorer breast cancer survival [27] . However, others have reported the opposite and other studies of matriptase expression in breast cancer have not given consistent results [48] . Notably, since matriptase and hepsin have identical substrates and since both have possible tumor progression and metastasis-promoting activities, further studies of TMPRSS3 are needed to better understand its functions and substrates. Structurally, TMPRSS3 is almost identical to hepsin, and here we have shown that their mRNA and protein expression patterns are very similar in different phases of breast carcinogenesis and correlate with breast cancer prognosis. Co-expression of these proteolytic serine proteases could enhance their effects on tumor cell invasion and metastasis.
Conclusions
In closing, this study expands our knowledge of the biological processes behind breast cancer by investigating hepsin and TMPRSS3 expression in human breast tumors. Low mRNA and protein expression levels of the studied TTSPs were prognostic markers of poor survival in breast cancer. Furthermore, low TMPRSS1 mRNA expression is an independent marker of poor clinical outcome in patients treated with radiotherapy. We think that our results give emphasis to the role of altered expression of hepsin and TMPRSS3 in promoting breast tumor progression and metastasis as their role in breast cancer is still rather unexplored. The results showed that both TTSPs have potential as prognostic biomarkers.
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Additional file 1: Table S1 . Significant clinical variables associated with hepsin and TMPRSS3 protein expression.
Additional file 2: Figure S1 . The studied A, TMPRSS1 and B, TMPRSS3 mRNA expression levels in benign breast tumor samples and in malignant tumors grouped by tumor grade. In benign tumors, the mRNA expression levels are lower compared to grade I tumors. Tumor grade is inversely associated with TMPRSS1 and TMPRSS3 mRNA expression levels. In grade I tumors, the cancer cells were well differentiated, in grade II tumors, the cells were moderately differentiated, and in grade III tumors, the cancer cells were poorly differentiated or undifferentiated. *P < 0.005 mRNA expression in benign tumors versus grade I tumors and grade I tumors versus grade III tumors.
Additional file 3: Figure S2 . Breast cancer relapse-free survival compared to TMPRSS3 expression levels in Kaplan-Meier survival analysis and in Cox regression multivariate analysis. Both local and distant recurrences were taken into account. Patients were divided into high and low expression groups relative to the median expression values. Low expression levels of A, TMPRSS3 mRNA (median survival time 7.73 years) and B, TMPRSS3 protein (median survival time 8.84 years) associated with relapses occurring more frequently. Low expression levels of C, TMPRSS3 mRNA (median survival time 9.10 years) and D, TMPRSS3 protein (median survival time 7.66 years) expression remained independent prognostic factors of more frequent occurrence of breast cancer relapse. In addition to expression levels, tumor grade, nodal status, tumor size, ER status, PR status, and histologic type were included in the multivariate analyses.
Additional file 4: Figure S3 . Breast cancer distant metastasis-free survival in Kaplan-Meier survival analysis. Patients were divided into high and low expression groups relative to the median expression values. Low expression levels of A, TMPRSS1 mRNA (median survival time 7.66 years); B, TMPRSS3 mRNA (median survival time 7.78 years); and C, TMPRSS3 protein (median survival time 9.13 years) associated with distant metastasis occurring more frequently. Additional file 7: Figure S5 . The prognostic value of low TMPRSS1 and TMPRSS3 mRNA expression levels in breast cancer was validated in a public gene expression dataset. The results obtained from the online Kaplan-Meier plotter analysis tool presented that both low TMPRSS1 and TMPRSS3 expression were significantly associated with poorer relapse-free survival (TMPRSS1, A; TMPRSS3, B), overall survival (TMPRSS1, C; TMPRSS3, D), and distant metastasis-free survival in breast cancer (TMPRSS1, E; TMPRSS3, F). Patients were divided into high and low expression groups relative to the median expression values. 
